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Abstract 
This study is focused on the investigation of four prospective structures for geological storage of CO2 
in the Baltic region, specifically in the onshore structures South Kandava and Dobele, and offshore 
structures (E6 and E7) in Latvia. Using detailed petrophysical, mineralogical and geochemical analyses of 
the Middle Cambrian Deimena Formation sandstones in these structures, their CO2 storage capacity was 
estimated with different levels of reliability. Different storage efficiency factors and porosities of the 
reservoir rocks were applied for optimistic and conservative estimates. Offshore structure E6 was 
estimated as the most prospective for CO2 geological storage in the Baltic Region. Its optimistic CO2 
storage capacity was 264-631 Mt, and its average conservative capacity (158 Mt) is the largest among all 
the studied until now in Latvia onshore and offshore structures. Total capacity of four studied structures 
estimated using an optimistic approach was on average 630 Mt and using a conservative approach 210 
Mt. Earlier capacity estimates made during the EU Geocapacity project of the Dobele and South Kandava 
onshore structures are in the range of our optimistic capacities.  
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1. Introduction 
Carbon capture and storage (CCS) and CO2 geological storage (CGS) as a part of CCS technology are 
accepted by world scientific community as an effective measure to reduce the greenhouse gas effect and 
Earth's climate change. The International panel for climate change experts reported that we have to 
decrease CO2 emissions by 50% before 2050 to stop drastic changes of the climate and stay below 2°C 
above pre-industrial average temperature [1]. CGS could account for about 19% of the necessary 
emission mitigation [2]. In 2007 Estonian power plants emitted 14.5 million tones (Mt) of CO2 emissions, 
which is higher than all the other Baltic countries (Latvia and Lithuania) together. Estonian CO2 
emissions per capita are one of the highest in Europe (14.9 tonnes per capita in 2007) and in the world 
(15th place in 2007) due to the use of local oil shale for energy production. Geological conditions in 
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Estonia are unsuitable for CGS because of the shallow sedimentary basin and potable water available in 
all known aquifers. The most suitable conditions for CGS in the Eastern Baltic region (Estonia, Latvia 
and Lithuania) are provided by 16 Cambrian onshore geological structures in Latvia [3, 4, 5]. There are 
also a number of prospective structures for CGS offshore Latvia, but their capacities haven’t been 
estimated earlier. Two onshore geological structures (South-Kandava – Kn and Dobele - Db) and two 
offshore structures (E6 and E7) in Latvia prospective for CGS were estimated in detail in this research 
(Fig. 1). In 2008 Latvian oil-company was licensed for hydrocarbon exploration and production from the 
Upper Ordovician and Devonian oil-bearing reservoirs in the E6 structure. It gives opportunity for the 
future Enhanced Oil Recovery (EOR) project in the studied area. In the EU Geocapacity project CO2 
storage capacity of the Dobele structure was 56 Mt and South-Kandava 44 Mt respectively [5].  
 
 
2. Data and Methods 
Six onshore wells from the South Kandava and Dobele structures, as well as the E6-1/84 and E7-1/82 
wells from offshore structures were selected for detailed study (Fig. 2). 24 samples of Middle Cambrian 
Deimena Formation (Dm) sandstone reservoir and Lower Ordovician (O1) cap rock were taken from five 
drill cores stored in Latvian Environmental, Geological and Meteorological Center (LEGMC). 15 of these 
samples represent the reservoir across all four structures, while only nine samples from the onshore wells 
are taken from the caprock (Fig. 2). Three-dimensional (3-D) structural models were constructed in 
Golden Software Surfer 8 using structure maps of the top reservoir and wells cross sections. Four 
unpublished exploration reports (1970-1984, in Russian) stored in LEGMC were used. According to these 
reports open or effective porosity (Wef) in the studied samples was estimated using the Preobrazhensky 
method (saturation of samples). Permeability (Kgas) has been determined whilst passing gas through the 
samples using the GK-5 apparatus. Only P-wave acoustic velocities of dry and wet rock samples were 
measured.  
Within the present study petrophysical properties of new samples from these reservoirs were determined 
and compared to the old data. Helium-density, helium-porosity, gas-permeability and acoustic wave 
velocities were measured in the petrophysics laboratory of IFP Energies nouvelles (IFPEN) following the 
API recommendations [6]. Different properties were measured on 19 samples with 25 mm diameter and 
11 to 27 mm height. 
Permeability. The Kgas was measured using nitrogen injection. The sample is mounted in a Hassler 
cell under a confining pressure of 20 bars. 
Acoustic wave velocity. Elastic properties of the rocks were measured only on dry samples. P-wave 
(Pw) and shear wave (Sw) velocities were measured using petro-acoustic equipment.  This consisted of a 
pulser – Sofranel, Model 5072PR and two channel color digital phosphor oscilloscope – TDS 3032B 
(200MHz, 2,5 GS/s-DPO-Receiver, Tektronix). Pw was measured using 500 MHz wave transducers, 
while Sw was measured using 1 MHz wave transducers.  
Measured and estimated porosity and gas permeability were used for CO2 storage capacity estimates of 
the structures (Appendix A, A.1, A.3). Acoustic Pw and Sw velocities (Appendix A, A.1, A.2) were used 
for the interpretation of seismic data and further laboratory and numerical modelling of CO2 plume 
behaviour underground. 
 
Fig. 1. Prospective structures in the Cambrian 
aquifer (CO2 storage potential exceeding 2 Mt) 
and Inukalns underground natural gas storage 
(UGS) in Latvia. The dashed line shows gas 
pipelines. Red circles shows locations of the 
studied offshore and onshore structures (modified 
after [5]) 
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Fig. 2. Well correlation for the offshore (E6 and E7 structures) and onshore (Dobele and Kandava structures), 
focusing on the Middle Cambrian Deimena sandstone reservoir and Lower Ordovician cap rocks. Locations and 
depths of the studied samples are indicated by red cylinders 
 
Chemical and mineralogical composition. Chemical, mineralogical composition and surface 
morphology of 24 rock samples were studied using X-Ray Fluorescence analyses (XRF), X-Ray 
Diffraction (XRD) and carbonate chemical analysis (CCA), Electron Microscope (EM) and Scanning 
Electron Microscope (SEM) studies. The XRF and XRD were measured in the ACME lab company 
(Canada), using the pressed pellet method for samples preparation. The CCA was done in the IGTUT [7]. 
The SEM and EM studies were conducted in the IGTUT with Zeiss EVO MA 15 Scanning Electron 
Microscope equipped with a Energy Dispersive Spectrometer (EDS) INCA x-act (Oxford Instruments 
Plc) and ZEISS Electron Microscope AxiosKop 40 respectively.  
CO2 Storage Capacity. Theoretical storage capacity in the studied structures was evaluated using a 
widely known formula for estimation of structural trap capacity [8]: 
                                                                                    (1)  
where MCO2t is storage capacity (kg), A is the area of an aquifer in the trap (m2), h is the average thickness 
of the aquifer in the trap (m), NG is an average net to gross ratio of the aquifer in the trap (%),  is the 
average porosity of the aquifer in the trap (%), CO2r is the in situ CO2 density at reservoir conditions, 
(kg/m3), Sef is the storage efficiency factor (for trap volume, %). We used different Sef for each structure 
according to its reservoir properties and different methods to estimate these factors. According to [8] we 
estimated the efficiency factor as 10 and 20% in the E6 and E7 offshore structures respectively, and 20 
and 15% in the Dobele and Kandava onshore structures respectively. We termed this approach 
“optimistic” due to the higher values of the factors in comparison with subsequent results obtained using 
other methods. With respect to the USA DOE report [9] we decided to decrease and to round the values 
of Sef for the ”conservative” estimation approach. The efficiency factor of 4% was selected for all the 
structures. In our simplified estimation model we did not consider pressure change and compressibility 
within the reservoir due to CO2 injection [10]. We calculated optimistic and conservative MCO2t with 
minimum, maximum and average values (min-max/mean) of porosity determined by measured and 
reported data (Appendix A, A.1, A.3). We estimated the NG according to gamma-ray log readings (90% 
in E6, 80% in E7, 90% in Kandava, and 85% in Dobele) (Fig. 2).  
The CO2r depends on in situ reservoir pressure and temperature, which was estimated by the plot of 
supercritical state of CO2 in situ conditions [11]. All measured laboratory data were compared with old 
exploration data for quality control (Fig. 3). According to reported and measured data we estimated 
minimum, maximum and average values of physical properties for each structure. 
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3. Results 
3.1 E6 offshore structure 
Geological background. The largest suitable trapping structure, offshore Latvia, is E6. The well E6-
1/84 was drilled in 1984 in the central part of crest of the structure and crosses the anticline on the top of 
the Middle Cambrian Deimena Formation. The well is located 37 km from the Latvian coast and 47 km 
from the Liepaia harbor. The total depth of the well is 1068 m. The structure is an anticline fold bounded 
on three sides by faults (Fig. 4 a, b), which divide the main structure into two parts. According to seismic 
data faults are propagating only within the Cambrian and Ordovician horizons. The approximate area of 
the bigger part of the structure is 553 km2, while the smaller part is 47 km2. Total area of the structure is 
600 km2. The Deimena Formation (848-901 m depth) is represented by dark- and light-grey, fine-grained, 
loosely  and  medium  cemented  quartz  sandstones.  The  reservoir interval contains thin layers of clayey  
  
 
 
 
 
siltstones, clearly seen on gamma-ray logs. The reservoir rocks contain fractures (mostly open). The 
Deimena Formation unconformably overlain by impermeable Ordovician rocks, consisting mainly of 
claystones, carbonated clays (argillite), marlstones, limestones and clayey limestones. Thickness of the 
Deimena Formation in the well is 53 m and of Lower Ordovician cap rocks is 40 m. Total thickness of the 
Ordovician Formations is about 146 m. Approximately 120 m of non-porous Silurian mudstones overlie 
the Ordovician rocks, which play an additional role as a seal for Deimena structure. 
(a) (b)
 
Fig. 4. (a) Local structure map of the offshore structure E6, drawn on the top of Deimena Formation and location of 
the well E6-1/84; (b) 3-D geological model of top of Deimena Formation in structure with estimated border of the 
structure (yellow isoline -1350 m). Faults bordered the structure are shown by red wall.  Well location is shown by 
black circle with depth of top of Formation (-848 m) 
 
 
Fig. 3. Example of comparison plots 
(porosity, permeability and P-wave 
velocity (wet, dry) versus depth) of 
the measured samples with the old 
reported data (E6-1/84) 
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(b)(a)
Fig. 5. Microphotograph of thin section in cross-polarized light (a) and SEM microphotograph (b) of the Deimena 
sandstones from the well E6-1/84 (a) Fine-grained quartz, carbonate and clayey cements presented in porous media 
were partially oil impregnated (876.7 m); (b) Minor amount of feldspar (sometimes barium feldspar) was found in all 
samples from the E6-1/84 borehole (886.7 m). Due to weak cementation this sample was broken into two parts, 
which had 26 and 33.5% of porosity, and 290 and 400 mD of permeability 
 
Chemical and mineralogical composition. Pure sandstone samples studied from the E6 structure 
showed a good interpartical and sometimes intrapartical open porosity (Fig. 5 a, b). About 2% of 
chemical oxides (Al2O3 and TiO2 used as indicators of clay content) in some loosely clay-cemented 
samples were determined. In general sandstone samples from the E6 structure can be considered to be 
“high quality” reservoir rocks. 
CO2 storage capacity in the E6 structure estimated using the optimistic approach was 264-631/396 
Mt, and using the conservative approach was 106-252/158 Mt (Appendix A, A.3). 
3.2 Offshore structure E7    
Geological background. The structure E7 lies close to the E6 structure. The estimated approximate 
area of the E7 structure is 14 times less than E6 (43 km2). The E7-1/82 well was drilled in 1982. It was 
the first Baltic offshore deep well drilled in USSR.  The total depth is 1650 m.  The well is located in the 
Baltic Sea 85 km from the Latvian coast and 205 km from Gdansk harbor. The distance between the E6 
and E7 boreholes is about 40 km. The E7 is an anticline fold within the Deimena Formation stretching 
from NE to SW and bounded at two sides faults (Fig.6 a, b). The well is located almost in the central part 
of the E7 on the crest and crosses the Deimena anticline on the top of the structure. The Deimena 
(a) (b)
 
Fig. 6. (a) Local structure map of the E7 structure, drawn on the top of Deimena Formation, location of the well E7-
1/82 is shown; (b) 3-D geological model of top of Deimena Formation in structure with estimated border of the 
structure (yellow isoline -1525 m). Faults bordered the structure are shown by red wall. Well location is shown by 
black circle with depth of top of Formation (-1361.8 m) 
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(a) (b)
Fig. 7. SEM microphotograph of Deimena fine-grained quartz sandstones from the well E7-1/82. In all samples of E7 
offshore structure the deterioration of reservoir properties was found compared to E6 structure. Samples contained 
about 2% of feldspar, some carbonates and mica. Heavy minerals such as zircon, tourmaline, pyrite are present. Clay 
fraction was presented by hydromica and kaolinite. (a) Medium to fine-grained quartz sandstone (1390.5 m) with 
spots of carbonate iron-rich cement, good porosity (14%) and low permeability (60 mD); (b) Very fine to fine-
grained quartz sandstone (1389.5 m) with some inclusions of clayey fraction, 9% of porosity and 20 mD of 
permeability 
 
sandstones are overlain by claystones, limestone, clayey limestone and marlstones of Ordovician 
Formation. Thickness of the Deimena Formation in the well is 58 m and depth 1362-1420 m and Lower 
Ordovician seal is 42 m thick. Total Ordovician Formation is 132 m thick. Thick non-porous Silurian 
mudstones (more than 190 m) overlie the Ordovician Formation. The Deimena Formation is represented 
by light grey and beige-grey fine-grained quartz sandstones interbedded by thin layers of sandy 
marlstones and clayey siltstones (4-5 cm), separated from pure sandstones by increased readings of the 
gamma-ray log. Sandstones are well sorted and sub-rounded, partly fractured. Essentially pure quartz 
sandstone samples from the E7 showed increase of clays and deterioration of free pore space compared 
with samples from the E6 (Fig. 7 a, b). Especially high clay cement content was observed in the samples 
from the clayey siltstone interbeds. Rocks of the upper part of the Deimena Formation are cemented 
mostly by quartz-regenerated cement. The lower part rocks are cemented by conformation of quartz 
grains due to dissolution under the pressure.  
CO2 storage capacity of the E7 structure was estimated using the optimistic approach 14-66/34 Mt, 
and the conservative estimate was 3-13/7 Mt (Appendix A, A.3). 
3.3 South Kandava onshore structure 
Geological background. The South Kandava structure was formed by uplift in the Pre-Devonian. The 
Brachy-anticlinal fold within the Deimena Formation with a flat NW flank and a steeper SE flank is 
prospective as a gas storage reservoir. The structure strikes from SW to NE. The structure is bounded by 
faults along two sides. The wells Kn25, Kn27 and Kn28 were drilled within the structure, while wells 
Kn24 and Kn26 are located outside the structure (Fig. 8 a). Estimated approximate area of the structure is 
97 km2. Thickness of the Deimena sandstones is 23-67 m, which are located at a depth of 933-1224 m. 
Quartz sandstones are white colored and contain small amounts of feldspar, biotite mica and muscovite. 
They are massive, fine-grained, well sorted, porous with good gas permeability and loosely cemented. 
Ordovician sediments overlie the Deimena sandstones with unconformity. The lower part of the cap rock 
consists of 5-10 cm of calcite cemented basal breccia consisting of marlstones. The Breccia is covered by 
20-50 cm thick dark-green, glauconitic, weak cemented siltstones. Siltstones covered by dark-green, 
violet-brownish, strong, argillite carbonate clays with rare thin layers and lenses of limestone. The lower 
Ordovician cap rock is 30-36 m thick. The average thickness of Ordovician rocks in the structure is 224 
m, while the Silurian Formation is 225 m.  
Chemical and mineralogical composition. Both reservoir and cap rocks were studied in this 
structure. Reservoir quartz sandstone samples were cemented with calcite, as well as clayey material, 
regenerated quartz and siderite was found also in the studied reservoir samples (Fig. 8 b). Only few open 
pores were found in the calcium cement and between cement and grains. In general the main form of 
cementation within the South Kandava reservoir rocks consists of clayey cement. Regenerated borders 
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(b)(a)
Fig. 8. (a) 3-D geological model of the South Kandava structure imposed on the top of Deimena Formation with 
estimated border of the structure (blue isoline -1050 m). Faults bordered the structure are shown by red wall. Wells 
locations with depths are shown by black circles; (b) SEM microphotograph of the Deimena quartz sandstone from 
the well Kn24 (1157.3 m). Quartz grains were almost completely cemented by carbonate iron-rich dolomite cement. 
It had low porosity (7%), close to 0 mD permeability and 81% of SiO2, 6% of CaO, 2% of MgO and 2% of Fe2O3 
content. XRD analyzes showed ankerite as minor element in the sample 
around the quartz grains partially form cement. The cap rock is represented by claystones, carbonate and 
clayey carbonate rocks. They are characterized by impermeable matrix composed of carbonate iron-rich 
dolomite and clayey material. The claystones have high clay content and minor dolomite and calcite 
content (Appendix A, A.2). 
Estimated CO2 storage capacity using the optimistic approach is 5-122/95 Mt, and using the 
conservative method 1-32/25 Mt. Estimated earlier within the EU Geocapacity project CO2 storage 
capacity (44 Mt, [5]) is in the range with our optimistic capacities.  
3.3 Dobele onshore structure 
Geological background.  The studied wells Db91 and Db92 were drilled in 1971-1972 in the Dobele 
structure, located in the limits of the East-Kurzema local high. Estimated area of the structure is 70 km2, 
its surface altitude is 75-100 m. The structure is bounded only along one southern side by fault. The well 
Db91 is located almost on the crest of the structure close to the fault. The well Db92 was drilled near the 
fault, outside the uplift (Fig. 9 a). The core recovery of the Cambrian sandstones in these wells during 
(a) (b)
 
Fig. 9. (a) 3-D geological model of the Dobele structure of the top of Deimena Formation. Wells location with index 
and depth is shown by white and indicated by black circles. Estimated border of the structure is shown by blue isoline 
(-1075 m). Fault bordered the structure is shown by red wall; (b) microphotograph in polarized light of the Deimena 
sandstone from the well Db92 (1347.5 m). The fine-grained sandstone had 91% of SiO2, 1,5% of CaO, 3% of Fe2O3, 
1% of Al2O3 content and had good intergranual 20% open porosity  
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exploration was only 20-30%. Cambrian reservoir is represented by white and light-grey fine- and very 
fine-grained quartz sandstones interbedded by thin layers of sandy siltstone and mudstones, reflected by 
higher gamma-ray readings. Deimena sandstones were found at the depth 965-1013 m in the Db91 well 
and 1346-1390 m in the Db92 well. Thickness of the sandstones is 44 m in the Db92 and 49 m in the 
Db91. Average thickness of reservoir sandstones in the structure is 52 m.  
Chemical and mineralogical composition. Reservoir sandstones are mostly massive and loosely 
cemented with ore mineralization (halenite). The cement composition of sandstones and siltstones is 
clayey minerals (about 10%) and quartz regenerated cement.  
The lower Ordovician Latorp Formation unconformably overlies the Deimena sandstones. These cap 
rocks are represented by claystones, marlstones, clayey siltstones and rare limestone interbeds. At the 
base of the formation a layer of greenish-grey glauconitic loosely cemented sandstones (0.5 m) was 
observed. The thickness of the Lower Ordovician cap rock is 59 m in the Db91 well and 45 m in the 
Db92 well. The average thickness of Ordovician Formation within the structure is 233 m. The Ordovician 
Formation is overlain by the Silurian Formation (> 100 m), which is represented by a thick succession of 
impermeable mudstones.  
Measured porosity of reservoir sandstones was in the range of 17-20% (Appendix A, A.1). We 
determined a decrease in reservoir quality in the Dobele structure compared to offshore structures, as well 
as an increase of clay, calcite and dolomite cement. The reservoir rocks consist of 82%-100% quartz, 
about 9% feldspar and 6% mica (Fig. 9 b). Heavy minerals such as zircon, tourmaline, rutile and others 
are also observed accounting for 5% of the reservoir rock. The cap rocks are represented by clays with 
minor feldspar content and very low carbonate content. Due to weak cementation of samples it was 
possible to measure gas permeability only in one cap rock sample Db92-1344.48 (2 mD). This sample 
showed pretty high porosity for cap rock (15%) (Appendix A, A.2).  
The estimated CO2 storage potential in the Dobele structure using the optimistic approach is 56-
145/106 Mt and using the conservative approach is 11-29/21 Mt (Appendix A, A.3). Estimated earlier 
within the EU Geocapacity project CO2 storage capacity (56 Mt, [5]) corresponds to our minimum 
optimistic estimate.  
 
4. Conclusions 
 
• Geological structures in Latvia were estimated as prospective reservoirs for the gas storage. The 
structures lead to a structural high within the Cambrian saline aquifer and impermeable seal, which are 
suitable for both CO2 and natural gas storage.  
• The Cambrian Deimena Formation is clearly indicated by low natural radioactivity as observed 
on the gamma-ray log readings. Clayey interbeds and marlstone layers in the reservoir can easily be 
determined by increased gamma-ray readings. Cap rocks represented by clayey sediments of Ordovician 
and Silurian Formations are lead to the highest values on the gamma-ray logs. 
• Good reservoir properties of the Cambrian sandstones were confirmed by new laboratory 
experiments in three studied boreholes (E6-1/84, E7-1/82 and Db92). Measured petrophysical properties 
confirm those reported in earlier data.  
• The best reservoir properties (porosity and gas permeability) were found in sandstones from the 
Latvian E6 offshore structure. This structure was estimated as the most prospective for CGS in the Baltic 
Region. Its estimated optimistic CO2 storage capacity was in the range of 264-631 Mt. 
• Estimated optimistic CO2 storage capacity was 14-66 Mt in the E7 offshore structure, 5-122 Mt 
in the South Kandava and 56-145 Mt in the Dobele onshore structures. The conservative CO2 storage 
capacity was 105-252 Mt in the E6, 3-13 Mt in the E7 offshore and 1-32 Mt in the South Kandava and 
11-29 Mt in the Dobele onshore structures. Total capacity of the four structures in the study estimated by 
optimistic approach was 340-965 Mt and average 630 Mt. Using the conservative approach it was 120-
330 Mt and average 210 Mt.  
• The difference between maximum and average values of CO2 storage capacity was higher in the 
E7 structure (48%) than in the E6 structure (37%), suggesting a lower homogeneity of sandstone porosity 
in the E7 reservoir. This difference was 27% in the Dobele and 22% in the South Kandava structure, 
showing similar reservoir porosity in the onshore structures, but two times lower the homogeneity in the 
offshore structures.  
• Optimistic maximum and average storage potential of the E6 structure (631 and 396 Mt) is 
higher and nearly the same as previously reported total potential of all 16 onshore Latvian structures (400 
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Mt). Even its average conservative capacity (158 Mt) is the largest among all the studied until now in 
Latvia onshore and offshore structures.  
• The results obtained are giving new possibilities for economic and geochemical modeling of 
regional cross border CCS scenarios in the Baltic Sea Region and seismic modeling of the Baltic offshore 
reservoir structures. This study was continued with the determination of petrophysical properties of 
altered samples to investigate the impact of the CO2 injection on the host reservoir. The alteration process 
called the “Homogeneous alteration method” is related to retarded acid treatment of the samples (IFPEN 
method simulating in situ conditions of CO2-rich brine injection in an aquifer). 
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Appendix A 
A.1. Studied parameters of the Middle Cambrian Deimena Formation sandstones  
 
* (estimated porosity is averaged from measured and reported data) 
A.2. Studied parameters of the Lower Ordovician cap rocks of the Dobele and South Kandava onshore 
structures 
 
A.3. Physical parameters of the Latvian structural traps 
 
The Sef Opt./Cons. is a storage efficiency factors for the optimistic/conservative estimates. The NG in E6 was estimated by logging 
data as 90%, in E7 as 80%, S. Kandava as 90% and in Dobele as 85%. Estimated porosity (A.1) was used for capacity calculation 
 
Chemical oxides measured in %: SiO2, Al2O3, Fe2O3, 
K2O by XRF, and CaO and MgO by CCA methods. 
Min – minimum, max – maximum and mean – average 
values, N – number of samples 
